The emergence of the Pernyi silkmoth from the pupal exuviae is dictated by a brain-centered, photosensitive clock. In continuous darkness the clock displays a persistent free-running rhythm. In photoperiod regimens the interaction of the clock with the daily lightdark cycle produces a characteristic time of eclosion. But, in the majority of regimens (from 23L:ID to 4L:20D), the eclosion clock undergoes a discontinuous "hourglass" behavior. Thus, during each daily cycle, the onset of darkness initiates a free-running cycle of the clock. The next "lights-on" interrupts this cycle and the clock comes to a stop late in the photophase. The moment when the Pernyi clock stops signals the release of an eclosion-stimulating hormone and is demonstrated to be a function of the time when the free-running cycle is interrupted by lights-on. Moreover, the width (duration) of the eclosion peak in a photoperiod is shown to be dependent upon the length of the dark phase, and, consequently, upon the amount of the free-running cycle that is completed. This relationship demonstrates that the free-running cycle may be divided into two parts. The attainment of maximal accuracy (and thus the narrowest eclosion peak) is dependent upon the completion of only the first 2 hr of the free-running cycle. The completion of succeeding portions of the cycle, while having an effect upon the time of eclosion, no longer affects the accuracy of the clock. A mechanistic model of the eclosion clock is presented.
the eclosion clock undergoes a discontinuous "hourglass" behavior. Thus, during each daily cycle, the onset of darkness initiates a free-running cycle of the clock. The next "lights-on" interrupts this cycle and the clock comes to a stop late in the photophase. The moment when the Pernyi clock stops signals the release of an eclosion-stimulating hormone and is demonstrated to be a function of the time when the free-running cycle is interrupted by lights-on. Moreover, the width (duration) of the eclosion peak in a photoperiod is shown to be dependent upon the length of the dark phase, and, consequently, upon the amount of the free-running cycle that is completed. This relationship demonstrates that the free-running cycle may be divided into two parts. The attainment of maximal accuracy (and thus the narrowest eclosion peak) is dependent upon the completion of only the first 2 hr of the free-running cycle. The completion of succeeding portions of the cycle, while having an effect upon the time of eclosion, no longer affects the accuracy of the clock. A mechanistic model of the eclosion clock is presented.
The capacity to "keep-time" appears to be ubiquitous among organisms (1) . Among the most striking examples of this temporal organization are circadian rhythms-events which in the absence of external cues occur at intervals of approximately 24 hr. The emergence (eclosion, ecdysis) of the fruit fly (Drosophila pseudoobscura) from the puparium is one such event that has received considerable attention during the past 15 years (2) (3) (4) (5) . Eclosion in this case terminates an intricate series of developmental processes that transform the maggot into the fly. Although the fly may complete development at any time of the day, there is only a certain period during which it may emerge. Thus, eclosion is said to be "gated" (5).
Studies of the role of photoperiod in the gating of eclosion have pinpointed several important properties of the controlling clock. Thus, when populations of flies are transformed from a photoperiod into continuous darkness, they display a persistent "free-running" rhythm of eclosion. When this freerunning population is exposed to a flash of light, the time of eclosion is either advanced or delayed and a new rhythm is. Abbreviation: #L: #D, a light-dark regimen that alternates the specified number of hours of light with the specified hours of darkness. 595 thereby established (3). The phase assumed by the new rhythm proves to be a function of the time at which the flash is administered during the free-running cycle. The experimentally determined function permits one to plot a "phase-response curve." For our present purposes, the phase-response relationship is of interest because it has been used successfully by Pittendrigh to document the operation .of the "eclosion clock" throughout the days preceding eclosion (5).
In the case of Drosophila, exposure to continuous light causes a dissolution of the eclosion rhythm over the course of a few cycles. Pittendrigh demonstrated that this "damping" effect of light occurs, not because the clock uncouples from the overt rhythm, but because the clock stops (5)! Moreover, this effect occurs after a surprisingly short exposure to light. As a result, the Drosophila eclosion clock stops during the final part of each photophase that has a duration of 12 or more hours (5).
After the eclosion clock stops, it can be promply restarted by placing Drosophila in darkness. The resultant free-running rhythm then routinely shows a characteristic phase relationship to the "lights off" signal (5). It is also important to note that, after the onset of the free-running rhythm, the first cycle traversed by the clock is identical to that observed in succeeding cycles (5). Thus, in continuous darkness the freerunning cycle or free-running behavior of the eclosion clock is an invariant that becomes established immediately after darkness restarts the clock.
As in other rhythmic phenomena the timing of Drosophila eclosion varies with the photoperiod (3, 4) . A central problem is the role of the "circadian" clock in this timing. As mentioned above, the Drosophila eclosion clock stops during photophases longer than 12 hr and is subsequently restarted in a free-running manner at lights-off. Near the end of the next photophase the clock again stops-and so on at daily intervals. Under this kind of discontinuous motion the timing mechanism resembles not so much a clock as an "hour-glass" (5).
In the case of daily photoperiod regimens having less than 12 hr of light, the Drosophila clock appears as a continuous oscillation and a new cycle is started immediately upon the termination of the preceding one. Thus, the situation is similar to that seen in continuous darkness except that the photoperiod forces the clock into an exact 24 hr periodicity (4) . The physiological mechanism for this entrainment is unknown.
The analysis of the Drosophila eclosion rhythm by Pittendrigh and his coworkers has provided a substantial basis for further studies of the mechanism of the eclosion clock. However, because of its small size, Drosophila is an unsatisfactory animal for investigating the physiological and biochemical as- pects of eclosion. By contrast, the giant silkmoths of the family Saturniidae have proven to be well suited for such studies. Indeed, the photoreceptor, the clock, and a neuroendocrine trigger necessary for eclosion have been localized to the cerebral-lobe area of the brain of these moths (6, 7). The present communication deals with the response of the braincentered clock of the Chinese oak silkmoth (Antheraea pernyi) to photoperiod conditions.
MATERIALS AND METHODS
Cocoons containing diapausing pupae of Antheraea pernyi were obtained from Japanese dealers and stored at 5YC until needed. The pupal diapause of Pernyi can be terminated by exposing the animals to long-day photoperiod conditions (17L: 7D). This response is greatly accelerated after several months of preliminary chilling (8, 9) . Routinely, pupae chilled for at least 4 weeks were placed in the 17L: 7D regimen at 260C until adult development began. Developing moths were then transferred to their respective photoperiod regimens at 260C. The methods of recording eclosion have been described (6) .
Adult eclosion of saturniid moths is triggered by a neurosecretory hormone released from the brain; the release in the case of the Pernyi moth takes place about 1.5 hr before eclosion (10) . Since hormonal release, rather than eclosion per se, is the event controlled by the clock, the average time of release in each photoperiod is assumed to occur 1.5 hr prior to the corresponding average eclosion time. RESULTS The Relationship of Eclosion to Photoperiod. Chilled Pernyi pupae were removed from their cocoons and placed at 260C under a 17L: 7D regimen. After the initiation of adult development, the pharate moths were placed in one of eight photoperiod regimens, which ranged from 1L: 23D to 23L: ID. In all cases the developing moths were exposed to at least 10 cycles of the photoperiod prior to their eclosion. The moths usually emerged over a 4-to 5-day period.
The cumulative data for each photoperiod is summarized in Fig. 1 . In all of these regimens, the time of eclosion, and thus the timing of eclosion-hormone release, was characteristic of the particular photoperiod. Moreover, in most regimens, the majority of the moths emerged within a specific 3.5-hr period of the day. Finally, we may note that the eclosion of males preceded that of females by about 1 hr. For reasons discussed below, the 1L:23D regimen disobeyed this generalization.
The effects of continuous light or darkness were assessed on pharate moths exposed to at least 10 cycles of a particular photoperiod. When moths were transferred from the 17L: 7D regimen into continuous light, eclosion became arrhythmic after one transient cycle (Fig. 2C) . By contrast, pharate moths transferred to continuous darkness developed a distinct free-running rhythm that showed a period of 22 hr. As with Drosophila, identical rhythms were established when moths were placed in darkness from photoperiods having moderate to long photophases (12L: 12D and 17L: 7D, respectively; Fig. 2A and B) . During the first free-running cycle, hormone release by the males and females occurred 21 and 22 hr, respectively, after the rhythm was started by lights-off. Fig. 1A and C-I identifies the time at which the clock cycle ends and, consequently, the time when the clock stops.
The data in Fig. 1 show that in photoperiods ranging from 23L: ID to 4L: 20D the Pernyi eclosion clock reached the end-596 Zoology: J. W. Truman I point of its cycle when the lights were on-i.e., during the photophase. This clock therefore differs from the Drosophila clock in that its mechanism resembles an "hour-glass", even when the photophases are as brief as 4 hr. Since in these regimens the Pernyi clock stops during the photophase of each daily cycle, lights-off of each cycle must restart the clock by initiating a free-(Funning rhythm. In Fig. 3 is plotted the time at which the clock stops as a function of the time that the freerunning cycle was interrupted by light. It is obvious that the time from the onset of light until the termination of the cycle is not a constant [as it was thought to be in the case of Drcsophila (5) ], but is strikingly dependent upon when the prior free-running cycle was interrupted by light.
Gate width as a function of the photoperiod As is evident in Fig. 1 , the width of the eclosion gate varied with the photoperiod. Under regimens with a very short scotophase (e.g., 23L: iD), the gate was very wide. As the amount of darkness increased, the gate width rapidly decreased, until a width of 3.5 hr was attained. Further increases in the duration of the scotophase had little effect on the gate width (with the exception of the special case in the 1L :23D regimen dealt with below). The value of 3.5 hr, therefore, represents the "minimal gate". The number of moths that emerged during this 3.5-hr gate divided by the total number of moths was taken as a measure of the relative accuracy of the clock under the particular regimen. Accuracy was then expressed on a scale from 0 to 1.
Under the photoperiod conditions listed in Fig. IC-I , the eclosion clock initiates a free-running cycle at lights-off. In the 23L: iD regimen, the clock free-ran for only 1 hr before the onset of light; its accuracy, computed as described, was therefore 0.38. At the other extreme, during the first cycle of continuous darkness (Fig. 1A) , the clock free-ran for the entire 22-hr period with an accuracy of 0.96. Similarly, the relationship of accuracy to the completion of successive portions of the free-running cycle is shown in Fig. 4 . It is obvious that the completion of an event that occurs early in the free-running cycle is necessary for the attainment of maximal accuracy.
The scotonon
To facilitate a discussion of the mechanism of the eclosion clock, I have used the term scotonon to refer to the sum total of processes that comprise one complete cycle of the free- running clock. This cycle occurs only in darkness, and in Pernyi has a duration of 22 hr. The initiation of the scotonon is defined as the moment when a stopped clock starts after the onset of darkness. At the conclusion of the scotonon, secretion of the eclosion hormone takes place.
Since the maximal accuracy is dependent upon the completion of a process early in the free-running cycle, I have subdivided the scotonon into two periods: the synchronization period and the dark decay period. The synchronization period is comprised of the events that lead to maximal accuracy of the clock; it encompasses the first 2 hr of the scotonon (i.e., approximately the time necessary for 50% of the population to become maximally accurate). The dark decay period includes the events that occur during the remaining 20 hr of the scotonon. It may be noted (Fig. 3 ) that there is a sudden shift in the response of the clock to lights-on at the outset of the dark decay period.
The photonon I have used the term photonon to describe the kinetics of the clock after the onset of light. Fig. 3 defines the relationship of the photonon to the scotonon. Thus, in photoperiod regimens, the clock cycle begins with the initiation of the scotonon. The onset of light then switches the clock to the photonon. The cycle terminates at the end of the photonon, whereupon the clock stops. It restarts at the next lights-off signal, etc. Un- trigger, but not to sustain, the photonon. In all cases, as [SI approaches So, the eclosion hormone is released. Fig. 6 shows the application of the scheme to the last three days of adult development. In a given regimen, the clock undergoes daily fluctuations characteristic of that photoperiod. During the day of eclosion, the endocrine system becomes "plugged-in" and the eclosion hormone is released. switches to the photonon kinetics at lights-on, and then stops during the final portion of the photophase. As the scotophase is increased, the overall duration of the clock cycle (scotonon plus photonon) also increases, at the expense of the interval during which the clock is stopped. The extreme of this trend should be seen in a certain critical photoperiod regimen in which the clock is restarted as soon as it stops. In this reginen, and those having even longer scotophases, the clock would appear to oscillate continuously through successive photoperiod cycles. Thus, for the "hour-glass" to act as a continuous oscillation would only require that the photonon end in darkness.
Consider, for example, the 1L: 23D photoperiod shown in Fig. 1B . Under these conditions, the male Pernyi release the eclosion hormone prior to lights-on, whereas release by the females occurs 2.5-hr later, in the early part of the succeeding scotophase. Adapting this data to the "hour-glass" mechanism, I would assume that the scotonon began early in the scotophase (after the end of the preceding photonon). Late in the course of the scotonon, the clock signaled the release of the eclosion hormone in the males. But, before this event occurred in the females, lights-on occurred and a photonon was initiated. This carried over into the succeeding dark period and, at its termination, the females released the eclosion hormone. The termination of the photonon during darkness would then allow for the immediate initiation of a new clock cycle.
Thus, we see that in the majority of photoperiod regimens, the daily cycle of the Pernyi eclosion clock is discontinuous and comprised of two components. These parts, the scotonon and photonon, respond to light and darkness in a defined manner and can account for the variation of the time and the width of the eclosion peak with photoperiod. This scheme derived from the "hour-glass" behavior of the Pernyi clock may also be applicable to regimens in which the clock runs continuously.
